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[1] In this study we examine the effects of varying Fe, Mo, and P concentrations on d15N
fractionation during N2 fixation in the cyanobacterium Anabaena variabilis. We show that
when grown in Fe-enriched media ([Fe]  50 nM), this organism produces biomass up
to 3% lower in d15N than when grown in Fe-limited media ([Fe] < 50 nM). A compilation
of our data with previous measurements of d15N in N2-fixing cyanobacteria reveals a
general trend toward the production of more 15N-depleted biomass at higher Fe
concentrations. We discuss our results in the context of negative d15N values preserved in
Archean and some Phanerozoic sediments, generally attributed to the production of marine
organic matter with low d15N by N2 fixation (and potentially NH4
+ regeneration) during
periods of fluctuating nutrient dynamics. We suggest that enhanced Fe availability
during periods of widespread ocean anoxia can further stimulate the production of
15N-depleted biomass by N2-fixing organisms, contributing to the isotopic record.
Citation: Zerkle, A. L., C. K. Junium, D. E. Canfield, and C. H. House (2008), Production of 15N-depleted biomass during
cyanobacterial N2-fixation at high Fe concentrations, J. Geophys. Res., 113, G03014, doi:10.1029/2007JG000651.
1. Introduction
[2] The d15N composition of modern marine organic
matter (OM) is controlled by a balance between the supply
of dissolved inorganic nitrogen (DIN) to the marine system
via the biological conversion of atmospheric N2 to reduced
organic N (N2 fixation or diazotrophy), and the loss of DIN
back to the atmosphere via biological conversions of NO3

and NH4
+ to N2 (by denitrification and anaerobic oxidation
of ammonia) [Altabet, 2007]. N2 fixation produces organic
N that is isotopically similar to or slightly depleted in 15N
relative to source N2 (d
15N  0%) [Hoering and Ford,
1960; Delwiche and Steyn, 1970; Minagawa and Wada,
1984, 1986; Macko et al., 1987]. Denitrification returns
light N2 to the atmosphere, leaving the marine NO3
 pool
(and resulting biomass) relatively enriched in 15N [Wellman
et al., 1968; Delwiche and Steyn, 1970; Miyake and Wada,
1971]. Anaerobic ammonia oxidation (anammox) is also an
important pathway for removal of fixed N from the marine
system [for a review see Dalsgaard et al., 2005]. The
isotopic effects associated with anammox have not yet been
determined, although likely result in a similar return of light
N to the atmosphere. Denitrification is the process domi-
nating the N cycle in modern oceans, leaving residual
nitrate with an average d15N of around +4.7% [Sigman et
al., 1997; Altabet et al., 1999]. As a result, modern
sedimentary OM exhibits average d15N values of +6 to
+7% [Peters et al., 1978; Sweeney et al., 1978].
[3] Despite the importance of N2 fixation in contributing
to marine d15N values, little is known about the process of
isotopic fractionation during N2 fixation, and thus the
factors controlling it. In general, biological N2 fixation
proceeds via the metallo-enzyme nitrogenase, and is con-
trolled by a number of environmental factors, including
light and temperature [Capone et al., 1997; Coles et al.,
2004; Hood et al., 2004], the presence of fixed nitrogen
compounds [e.g., Deutsch et al., 2007], and oxygen con-
centration [Gallon, 1992]. Previous work has demonstrated
that in laboratory settings the d15N of biomass produced by
N2-fixing organisms is independent of growth phase, carbon
source, and O2 protective mechanism [Beaumont et al.,
2000]. Here we examine the effect of varying other nutrient
concentrations, particularly phosphorus, iron and molybde-
num, on N isotopic fractionation during N2 fixation. Phos-
phorus (P), the second primary biolimiting nutrient, controls
N2 fixation in some parts of the modern oceans [San˜udo-
Wilhelmy et al., 2001; Mills et al., 2004]. Iron (Fe) is a
critical metal cofactor in all forms of the nitrogenase
enzyme [Howard and Rees, 1996], and has been shown to
regulate growth and nitrogenase activity in organisms both
in the laboratory and in the field [Rueter, 1988; Rueter et al.,
1990; Paerl et al., 1994; Sunda and Huntsman, 1995;
Falkowski, 1997; Berman-Frank et al., 2001; Kustka et
al., 2003; Zerkle et al., 2006]. Molybdenum (Mo) is a
cofactor for the most efficient form of the nitrogenase
enzyme [Joerger and Bishop, 1988; Miller and Eady,
1988] and can also regulate nitrogenase activity [Howarth
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and Cole, 1985; Marino et al., 1990; Cole et al., 1993;
Zerkle et al., 2006]. Because of the importance of these
secondary nutrients in controlling N2 fixation, we hypoth-
esize that changes in their bioavailability could either
directly or indirectly affect the degree of N isotopic frac-
tionation during diazotrophy.
2. Methods
[4] Cultures of Anabaena variabilis strain ATCC 29413
were grown in modified medium 616 without NO3
 or NH4
+,
and with variable added concentrations of Fe, Mo, and P
(Table 1). A. varibilis ATCC 29413 is a freshwater cyano-
bacterium that utilizes a nitrogenase enzyme identical to that
of marine (and other N2-fixing) organisms during diazo-
trophy (for a detailed discussion of the appropriateness of
this organism as a model system, see [Zerkle et al., 2006]).
We also added 10% fructose to stimulate heterotrophic
growth and N2 fixation [Haury and Spiller, 1981]. Media
and cultures were prepared using standard aseptic techni-
ques and distributed in acid-washed polycarbonate vessels.
Experiments were conducted aerobically in a light box with
constant shaking, at pH of 7.1 and temperature of 33C.
Media preparation methods are presented in detail by Zerkle
et al. [2006]. Briefly, stock media was prepared without
addition of Fe or trace metal solutions (for Fe/Mo-limited
experiments) or without addition of P (for P-limited experi-
ments).Metal impuritieswere removed from the basemedia by
a chelex ion-exchange column [Morel et al., 1979], and
resulted inmedia blanks for [Fe] and [Mo] below our detection
limits (by ICP-MS;method detection limit of 0.4 nM for Fe and
0.01 nM for Mo). Appropriate aliquots of metal or P solutions
were then added to desired media metal concentrations, and
held in solution by the addition of 1 mg/L EDTA.
[5] Growth was tracked by optical density measurements at
600 nm using a UV-VIS spectrophotometer. Ammonium
analyses were performed on filtered supernatant from sampled
cultures by a standard Hach spectrophotometric method, but
found to be below blanks in every case (detection limits of
0.05 mM). Cell pellets were harvested during late linear or
stationary growth phase, rinsed three times with deionized
water, dried, and stored at 4C. Isotopic analysis was per-
formed using a Costech/Thermo-Finnigan Delta Plus XP
coupled elemental analyzer, continuous flow, isotope ratio
mass spectrometer (EA-CF-IRMS) in the Isotope Biogeo-
chemistry Lab at The Pennsylvania State University. Samples
were weighed and sealed in silver boats, then combusted in a
Costech elemental analyzer at 1020C with a ‘‘zero blank’’
helium atmosphere autosampler. Isotopic ratios are reported
using delta notation relative to atmospheric N2. Reference
gases were calibrated relative to IAEA N3 and N1 isotopic
standards. Run-to-run variations in nitrogen isotopes from
instrument variability were calibrated using a well-character-
ized in-house caffeine standard. Standard precision was often
better than ±0.15% but is reported as ±0.2% to reflect known
isotopic values of IAEA N standards. Sample sizes were
weighed to produce at least 2000 mV nitrogen peak; however,
analyses of standards indicate that sample peaks greater than
1200 mV do not deviate statistically from reported standard
values.
3. Results
[6] The N isotopic composition of biomass produced by
cultures of A. variabilis grown in variable Fe, Mo, and P
concentrations is listed in Table 1 and shown in Figure 1.
Growth rates varied from 0.04 to 3.0  107 cells mL1 d1
[see Zerkle et al., 2006], and no differences in d15N values
were associated with growth phase (data not shown), similar
to previous studies [e.g., Beaumont et al., 2000]. Of the
nutrients we examined, Fe most strongly controls d15N of
biomass produced by this organism (Figure 1). The isotopic
composition of biomass remained relatively constant and
depleted in 15N in all experiments except for those per-
formed at low Fe concentrations, especially at Fe concen-
trations below 50 nM. From examining plots of d15N
versus Fe concentration (Figure 1a), two possible trends
emerge. First, d15N values show a negative log linear
correlation with increasing Fe concentration (R2 = 0.5).
Second, there appears to be a shift from the production of
biomass with primarily positive isotopic values (d15N 
0.5%) to biomass with primarily negative isotopic values
(d15N  0.5%) between 20–50 nM Fe. Cultures grown in
0.1–20 nM Fe produced biomass with d15N values ranging
from 0.5 to +1.5%, and a mean of 0.3 ± 0.6%; cultures
grown in 50–24,000 nM Fe produced biomass with d15N
values ranging from 2.4 to 0.6%, and a mean of 1.4 ±
0.4%.
Table 1. N Isotopic Values of Biomass Measured in 57 Separate
Experiments With A. Variabilisa
Concentration d15N SD n
Optimal
1.34 0.18 2
1.95 0.29 4
[Mo] nM
100 1.40 0.14 2
10 0.59 1.40 3
5 0.74 0.16 3
2 0.93 0.11 2
1 1.03 0.04 6
0.5 2.03 1
0.1 0.85 0.05 2
[Fe] nM
2400 1.40 0.14 2
240 0.68 0.12 2
120 0.60 1
50 1.23 0.19 5
20 0.38 0.46 4
10 1.09 0.52 2
2 0.05 0.52 6
0 0.36 1
[P] mM
40 1.93 1
20 1.99 1
6 1.96 1
2 1.52 0.06 2
1 1.64 0.01 2
0.5 1.09 0.02 2
aOptimal experiments were grown at 24 mM Fe, 1.7–22 mM Mo,
and 200 mM P. Experiments with variable Mo were grown at 2.4 mM Fe,
200 mM P, and 0.1–100 nM Mo, as indicated; experiments with variable Fe
were grown at 0.1–1.7 mM Mo, 200 mM P, and 0.1–2400 nM Fe;
experiments with variable P were grown at 24 mM Fe, 1.7 mM Mo, and
0.5–40 mM P. Isotopic ratios are reported relative to atmospheric N2. Also
shown are the number of cultures examined at each condition (n), and the
standard deviation of isotopic values between these cultures (SD).
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[7] Over a similar range of Mo concentrations, however,
cyanobacteria produced biomass that was uniformly depleted
in 15N, with d15N values ranging from 2.0 to 0.6%, and
a mean of 1.0 ± 0.6% (Figure 1b). There is a slight log
linear trend toward more negative d15N values at higher Mo
concentrations (R2 = 0.2), but even in experiments per-
formed at 0.1 nM Mo, the d15N values remained below
0.5% (with the exception of one outlier at 1 nM Mo;
Figure 1b). Variations in P concentration (down to 0.5 mM)
resulted in biomass with similarly negative d15N values,
d15N from 2.0 to 1.1%, with a mean of 1.6 ± 0.4%
(Figure 1c). There is also a slight log linear trend toward
more negative d15N values at higher P concentrations (R2 =
0.2). We note that the P concentrations we tested here are
greater than the concentration of total dissolved phosphorus
measured in some parts of the surface oceans where N2
fixation is known to occur (from 80 to 200 nM) [Wu et al.,
2000], however over the range of P concentrations that we
tested, all d15N values remained below 1% (Figure 1c).
4. Discussion
4.1. Nutrient Controls on d15N Fractionation During
Cyanobacterial N2 Fixation
[8] Our results suggest that Fe concentration exerts an
important control on the N isotopic composition of diazo-
trophic biomass, with a shift toward higher d15N values
observed only at Fe concentrations below 50 nM. Our
data span the range of Fe concentrations from previous
measurements of d15N in biomass of N2-fixing cyanobac-
teria, and can explain the discrepancy between values
measured in the laboratory and in the field (Table 2 and
Figure 2). The average d15N of organisms grown in the
Figure 1. d15N values of A. variabilis biomass produced
when grown in (a) variable Fe concentrations, (b) variable
Mo concentrations, and (c) variable P concentrations, and
associated trends. Data are summarized in Table 1. d15N
values for experiments run in prescribed media nutrient
concentrations are shown as circles.
Table 2. Reported d15N Values of N2-Fixing Cyanobacteria From
the Literature, Measured Both in Cultures and in the Field
(References Listed Below)a
Organism Location d15N Ref a
CULTURES
Anabaena cylindrica 0.6 1
2.6 2
Anabaena sp. strain IF 2.85 3
2.93
2.74
Trichodesmium IMS 101 1.3 4
3.4
3.6
FIELD
‘‘blue-green algae’’ East China Sea 0.6 1
Trichodesmium erythraeum N. Pacific 2.0
East China Sea 2.1 1
1.2
Trichodesmium spp. Caribbean Sea 0.7 4
0.5
0.7
0.6
0.4
0.3
0.3
0.3
0.2
East China Sea 1.0 1
2.1 5
South Florida 0.2 6
N. Pacific 0.5 7
(Philippine Sea) 0.5
1.7
0.0
N. Pacific 4.1 8
0.4
1.6
1.5
Trichodesmium thiebautii East China Sea 0.8 1
a1 =Minagawa and Wada [1986]; 2 = Beaumont et al. [2000]; 3 =Macko
et al. [1987]; 4 = Carpenter et al. [1997]; 5 = Minagawa and Wada [1984];
6 = Macko et al. [1984]; 7 = Wada and Hattori [1976]; 8 = Wada [1980].
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laboratory under Fe-replete conditions is up to 3% more
depleted in 15N than similar species sampled in the field.
Previous analyses of cultures of Anabaena spp. grown in
media with prescribed Fe concentrations (>1 mM) show an
average biomass d15N of 2.3% (ranging from 2.9 to
0.6%) [Minagawa and Wada, 1986; Macko et al., 1987;
Beaumont et al., 2000]. Laboratory cultures of the marine
N2-fixer Trichodesmium IMS 101 grown at high Fe con-
centrations ([Fe] = 800 nM) produced biomass similarly
depleted in 15N (3.6 to 1.3%) [Carpenter et al., 1997].
However, in the modern oceans where surface conditions
are variable but generally Fe-limited ([Fe]  1 nM) [e.g.,
Falkowski, 1997], colonies of Trichodesmium spp. believed
to be fixing N2 produce biomass with a wide range of d
15N
values, from 2.1 to +4.1%, with an average of 0.5%
[Wada and Hattori, 1976; Wada, 1980; Macko et al., 1987;
Minagawa and Wada, 1984, 1986; Carpenter et al., 1997].
Heavy d15N values in field-populations of Trichodesmium
could partially reflect the uptake of isotopically heavy
reduced nitrogen (e.g., nitrate or organic N) [Holl and
Montoya, 2005], although these colonies were sampled in
areas where diazotrophy was believed to be occurring. The
d15N values of particulate organic nitrogen from modern
areas where N2 fixation is known to be a significant source
of new N (e.g., the Sargasso Sea), are typically more 15N-
enriched than the values measured in Fe-replete cultures of
cyanobacteria as well [Mullin et al., 1984; Altabet, 1988;
Carpenter et al., 1997; Montoya et al., 2002; Pantoja et al.,
2002; McClelland et al., 2003]. (Widely variable biomass
d15N values were also measured in species of the N2-fixing
soil bacterium Azotobacter (5.4 to +9.1%) [Hoering and
Ford, 1960], but we focus this discussion on organisms that
could potentially contribute to modern and ancient aqueous
systems.)
[9] This correlation between cyanobacterial d15N values
and Fe could be directly related to Fe concentration through
some physiological change(s) the organisms undergo to
compensate for Fe-starvation. The abrupt shift to more
positive biomass d15N values between 20–50 nM Fe sup-
ports a physiological switch. Cyanobacteria have been
shown to induce a number of physiological changes when
Fe-limited, including siderophore production, alteration of
the light-harvesting apparatus, and substitution of non-Fe
forms of various proteins [for a review see Ferreira and
Straus, 1994]. Oceanic phytoplankton also respond to Fe-
starvation by reducing cell size, increasing the cell surface
area-to-volume ratio for more efficient nutrient diffusion
[Sunda and Huntsman, 1995, 1997]. Conceivably, more
efficient diffusion of N2 across the cell wall could lead to
the decrease in d15N fractionation we observe; however, it is
unknown whether isotopic discrimination during N2 fixa-
tion occurs during diffusion or during enzymatic reduction.
Nitrogen diffusion could also potentially act differently in
heterocystous cyanobacteria such as Anabaena sp. (see
Staal et al. [2003] for a discussion of the role of temperature
in controlling gas diffusion across heterocysts). Since we
see changes in isotopic discrimination with Fe concentration
between Trichodesmium sp. (nonheterocystous organisms)
as well, it is unlikely that heterocysts are the primary cause
of the trend we observe.
[10] Alternatively, the correlation between d15N and Fe
could be indirectly related to Fe concentrations via other
Figure 2. Compilation of published d15N values of N2-fixing cyanobacteria plotted versus Fe
concentration (data and references given in Tables 1 and 2). Anabaena spp. from this and other studies are
freshwater organisms. Trichodesmium is a marine diazotroph important in N2 fixation in the modern
oceans [Capone et al., 1997]. Results from culture studies are plotted versus the prescribed Fe for cited
media. The symbol for d15N composition of field populations represents a mean with error bars indicating
one standard deviation. Field measurements were collected from diverse environments (see Table 2) with
presumably variable Fe concentrations, but are plotted here versus a moderate estimate for modern
marine Fe. The range of Fe concentrations commonly measured in modern oceans is shown as a shaded
area (<0.1–1 nM) [e.g., Gordon et al., 1982; Landing and Bruland, 1987], and the range of [Fe]
estimated for the Archean ocean is shaded as well (1–100 mM) [Holland, 1973, 1984; Beukes and Klein,
1990; Canfield, 2005]. The dashed line represents a best fit line through the data, with an R2 value of 0.3.
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cellular processes that are controlled by Fe availability. Fe
availability strongly affects growth and N2 fixation in A.
variabilis and all other N2 fixing cyanobacteria studied
[e.g., Paerl et al., 1994; Berman-Frank et al., 2001; Zerkle
et al., 2006], although not exclusively, as discussed above.
N isotopic values from this study plotted against growth and
N2 fixation rates for corresponding cultures [as reported by
Zerkle et al., 2006], show that biomass d15N does not
exhibit a correlation with N2 fixation rates (R
2 = 0.02)
(Figure 3a). A lack of evidence for direct correlation
between nitrogenase activity and biomass d15N was
reported by Beaumont et al. [2000], as well. Biomass
d15N does exhibit a moderate correlation with growth rates
(R2 = 0.4) (Figure 3b). However, following observations of
isotopic discrimination in d13C during CO2 fixation, if this
was purely a growth-dependent trend we would predict less
fractionation at higher growth rates [Laws et al., 1995,
1997; Bidigare et al., 1999], contrary to what we observe
here. It is also possible that organisms could be secreting
NH4
+ or other biomolecules enriched in 15N when N replete
(e.g., amino acids) [Macko et al., 1987]. Small levels of
ammonium have been measured in cultures of Trichodes-
mium (<1 mM) with high turnover rates [Mulholland and
Bernhardt, 2005], although there was no measurable am-
monium in our cultures (<0.05 mM). Clearly, further work
is needed to deduce the biochemical mechanism producing
the correlation between Fe and d15N we observe here.
4.2. Implications for d15N Values in Ancient Sediments
[11] Nitrogen isotopic values in ancient sediments have
been determined from N preserved as organic N [e.g.,
Beaumont and Robert, 1999], and as ammonium (NH4
+)
structurally incorporated into phyllosilicates [e.g., Papineau
et al., 2005]. Where postdepositional alteration of d15N is
minimal (such as during the diagenesis of organic rich
sediments [Macko et al., 1993] or based on total ammonium
concentrations in metamorphosed sediments [Papineau et
al., 2005]), the d15N values are assumed to reflect the
isotopic composition of the source organic N and used in
interpretations of the past biosphere [Boyd and Philippot,
1998; Beaumont and Robert, 1999; Pinti et al., 2001; van
Zuilen et al., 2005; Papineau et al., 2005]. N isotopic values
have been measured in ancient sediments dating back to
3.8 Ga, and are highly variable, spanning values of
6.2% to greater than +35% [see compilation in Papineau
et al., 2005]. Very high positive d15N is commonly attrib-
uted to the loss of light N during metamorphism, particu-
larly in Precambrian sediments [e.g., Jia, 2006; Busigny et
al., 2003]. Negative d15N values have only been measured
in Precambrian and some Phanerozoic sediments, and these
values are commonly attributed to the production of 15N-
depleted biomass by N2 fixation (based on the previous
culturing and field studies included here, and on studies of
the N2-fixing soil bacterium Azotobacter [Hoering and
Ford, 1960]), although some alternate explanations have
been proposed (see discussion below). The trend in isotopic
discrimination during N2 fixation with variable Fe concen-
trations that we present here (based on our data and
consistent with previous measurements) provides a mecha-
nism linking these values to changes in ocean redox
chemistry as well.
[12] Negative d15N values most commonly occur in
Precambrian sediments. Beaumont and Robert [1999] first
noted that the lower end of sedimentary d15N values shifts
from 15N depleted values (down to 6%) to positive values
more typical of the modern range (+2 to +10%) between
2.5–2.2 Ga, coincident with the initial rise in atmospheric
O2 [Rye and Holland, 1998; Farquhar et al., 2000].
Analyses of cherts from various ages and fluid inclusions
from seafloor hydrothermal deposits 3.5 Ga indicate that
the d15N composition of the Earth’s atmosphere has not
changed significantly through geologic time [Sano and
Pillinger, 1990; Nishizawa et al., 2007]. Thus this shift in
isotopic values has previously been interpreted as a change
in the global N cycle resulting from the increase in atmo-
spheric oxygen [Beaumont and Robert, 1999; Papineau et
al., 2005]. Particularly, the negative d15N values in Precam-
brian organic matter have been attributed to the dominance
of marine N2 fixation at low levels of atmospheric oxygen
precluding extensive denitrification (although alternative
hypotheses do exist [Pinti et al., 2001; Jia and Kerrich,
2004; Jia, 2006]). Our results suggest that the occurrence of
Fe-replete conditions in the photic zone in an anoxic
Archean ocean could further encourage the production of
Figure 3. Biomass d15N values plotted against (a) N2
fixation rates, and (b) growth rates, for corresponding
cultures (growth tracked by optical density measurement
calibrated to cell counts, N2 fixation rates measured by
acetylene reduction assay) [rates from Zerkle et al., 2006].
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isotopically light biomass by cyanobacteria (and potentially
other organisms) fixing N2. Reduced Fe is abundant in
anoxic systems, and concentrations of up to 120 mM have
been estimated for the Archean [Holland, 1973, 1984;
Beukes and Klein, 1990; Canfield, 2005]. The exact timing
of the evolution of N2 fixation is debated [e.g., Navarro-
Gonzalez et al., 2001; Kasting and Siefert, 2001]; however,
three lines of evidence support the importance of cyano-
bacterial N2 fixation by the late Archean: (1) phylogenetic
analyses point to an ancient origin for the nitrogenase
enzyme universally used in N2 fixation, possibly before
the divergence of Bacteria and Archaea [Broda and
Peschek, 1983; Fani et al., 2000; Raymond et al., 2004];
(2) atmospheric models suggest that abiotically fixed N
could have been scarce as early as 3.5 Ga before present
[Kasting and Siefert, 2001]; and (3) fossil evidence indi-
cates the occurrence of heterocystous cyanobacteria by
2.45–2.32 Ga [Tomitani et al., 2006]. Furthermore, in an
anoxic Archean ocean with little to no nitrate available,
denitrification would not have significantly contributed to
the isotopic signal of the oceanic N reservoir, as previously
noted [Beaumont and Robert, 1999]. Therefore it is reason-
able to believe that some of the light d15N values found in
Archean kerogens are reflecting the isotopic composition of
N produced during cyanobacterial N2 fixation under Fe-
replete conditions.
[13] Negative d15N values have been measured for the
Phanerozoic almost exclusively in sediments deposited dur-
ing periods of widespread ocean anoxia [Rigby and Batts,
1986; Rau et al., 1987; Calvert et al., 1992; Chicarelli et al.,
1993; Sachs and Repeta, 1999; Jenkyns et al., 2001, 2007;
Sephton et al., 2002; Levman and von Bitter, 2002; Kuypers
et al., 2004; Meyers and Bernasconi, 2005; Meyers, 2006;
Ohkouchi et al., 2006; Junium and Arthur, 2007]. For
example, bulk d15N values from OM-rich sediments depos-
ited during the Cretaceous Oceanic Anoxic Event II [Rau et
al., 1987; Kuypers et al., 2004; Ohkouchi et al., 2006;
Jenkyns et al., 2007; Junium and Arthur, 2007] and black
shales deposited under anoxic conditions in the mid- to late-
Devonian [Levman and von Bitter, 2002] reach values as low
as 3%, lower than those measured in most modern
analogues [Fry et al., 1991; Haug et al., 1998]. These values
are also consistently interpreted as representing an increased
isotopic signal from diazotrophy. The low d15N values in
organic-rich shales from the mid-Cretaceous, for example,
have been attributed to increased N2 fixation necessitated by
the (potentially complete) removal of fixed N by denitrifi-
cation and anammox along with enhanced phosphate avail-
ability in surface waters [Kuypers et al., 2004; Sachs and
Repeta, 1999; Junium and Arthur, 2007]. This view is
supported by analyses of individual organic molecules in
many of these sediments, indicating that diazotrophic cya-
nobacteria were the primary source of biologically available
nitrogen [Chicarelli et al., 1993; Ohkouchi et al., 1997,
2006; Sachs and Repeta, 1999; Kuypers et al., 2004;
Karakitsios et al., 2007]. From the compilation of data
presented here, we suggest that high Fe availability in these
anoxic systems ([Fe]  50 nM) can enhance the production
of negative d15N values during N2-fixation. In modern
euxinic water columns a large pool of available Fe com-
monly accumulates in the upper chemocline, where Fe(II) is
released by the reduction of settling Fe(III)-(hydr)oxides
[e.g., Yemenicioglu et al., 2006]. The presence of molecular
biomarkers for phototrophic S-oxidizing organisms (isore-
nieratane) indicates that sulfidic conditions occurred in many
of these basins, and reached into the photic zone [Joachimski
et al., 2001; Sinninghe Damste and Koester, 1998; Pancost
et al., 2004], placing this pool of available Fe very close to
the surface and easily tapped by shallow mixing. Our results
seem to indicate that if this Fe was made available to N2
fixing cyanobacteria at concentrations of 50 nM or greater,
the enhanced Fe availability could drive the d15N values of
DIN to more negative values. Iron concentrations are not
well constrained for these time periods; however, low Fe
isotope values measured in black shales deposited during the
Cenomanian-Turonian [Jenkyns et al., 2007] are consistent
with those produced during isotopic depletion of Fe-rich
oceans by large-scale precipitation of iron oxides in the
Archean [Rouxel et al., 2005].
[14] We and others have only measured d15N values
down to 3.6% in N2-fixing cyanobacteria, even under
nutrient-replete conditions (Tables 1 and 2). Therefore this
process alone cannot explain the lowest N isotopic values
reported, particularly in Precambrian cherts (down to
6.2%) [Beaumont and Robert, 1999]. One model invokes
the uptake of isotopically light ammonium in the water
column, formed from the degradation of organic N with
depth [e.g., Altabet, 1988]. In anoxic or stratified systems,
the same shallow chemocline delivering Fe to the surface
waters could make regenerated NH4
+ available as well [e.g.,
Velinsky and Fogel, 1999]. Bacterial uptake of ammonium
can be accompanied by a large isotopic fractionation (e =
13.9%) [e.g., Hoch et al., 1992], which could drive d15N
values even lower. This mechanism has been invoked to
explain low d15N values in particulate organic nitrogen in
both modern and ancient systems, although nearly always
secondary or in addition to increased diazotrophy [e.g., Fry
et al., 1991; Voss et al., 1997; Coban-Yildiz et al., 2006;
Junium and Arthur, 2007].
[15] Another alternate explanation for the observed
changes in N isotopic values through time is a shift in the
species composition of the organisms supplying fixed N to
the biosphere. Pinti et al. [2001] suggested that the light
d15N values measured in Precambrian cherts could reflect N2
fixation from 15N-depleted mantle sources by chemosyn-
thetic hydrothermal vent communities, although there is no
evidence of hydrothermal origin for most of the cherts
analyzed. Potentially a more intriguing possibility is the
contribution of anoxygenic phototrophs to the N cycle. As
discussed above, the occurrence of photic zone euxinia is
indicated by the presence of phototrophic S-oxidizing
bacteria in a number of the anoxic Phanerozoic basins.
S-oxidizing phototrophs (green sulfur bacteria and purple
sulfur bacteria) dominate ecosystems in modern areas with
photic zone euxinia [Overmann et al., 1996a, 1996b, 1999;
Overmann, 1997; Ovreas et al., 1997; Casamayor et al.,
2001; Camacho et al., 2001; Vila et al., 2002]. Many of these
organisms are also capable of fixing nitrogen [Lindstrom et
al., 1950; Wahlund and Madigan, 1993], although few
studies have measured isotope fractionation during N2
fixation in these or other anaerobes. In one laboratory study,
the purple nonsulfur bacterium Rhodobacter capsulatus
(another anoxygenic phototroph) produced biomass with
d15N values of 1.8 to 0.8% during N2 fixation, and
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corresponding chlorophylls had d15N values 7.4% more
depleted (8.7%) [Beaumont et al., 2000]. Chlorophylls
derived from phototrophic S-oxidizing organisms in the
chemocline of Lake Kaiike, Japan, had similarly low isoto-
pic values, 2.1% for bacteriochlorophyll a from purple
sulfur bacteria, and7.7 to6.5% for bacteriochlorophyll e
from green sulfur bacteria [Ohkouchi et al., 2005]. The
presence of isotopically light geoporphyrins (N-rich biomo-
lecules believed to be derived from chlorophylls) in many of
the Phanerozoic sediments has been used to argue for the
contribution of N2 fixing cyanobacteria to light d
15N values
[Chicarelli et al., 1993; Sachs and Repeta, 1999; Ohkouchi
et al., 2006], although d15N values of chlorophylls from
cyanobacteria are highly variable, and less negative than
those measured in anoxygenic phototrophs (d15N from 5.1
to +7.2%) [Sachs et al., 1999; Beaumont et al., 2000].
Selective preservation of a 15N-depleted fraction of organic
matter, such as chlorophylls from green sulfur bacteria and/
or other anaerobic N2-fixing organisms, could produce some
of the overall light isotopic signal preserved in ancient
sediments. Isorenieratane has not yet been reported in sedi-
ments from before 1.6 Ga [Brocks et al., 2005]. However,
anoxygenic photosynthesis likely predated oxygenic photo-
synthesis, and C isotope values preserved in 3.5 Ga rocks are
consistent with carbon fixation via anoxygenic phototrophy
[Schidlowski, 2001; Hayes et al., 1992; Zerkle et al., 2005].
Further investigation of N isotopic fractionation during N2
fixation in anoxygenic photoautotrophs and other N2-fixing
species will be helpful to determine their possible contribu-
tion to ancient N isotopic values.
5. Conclusions and Implications
[16] We have shown that the extent of d15N fractionation
during cyanobacterial N2 fixation is strongly correlated to
Fe availability. We measure significantly 15N-depleted bio-
mass only in cyanobacteria grown in Fe concentrations
above 50 nM. It is unclear whether the correlation
between biomass d15N values and Fe is directly related to
Fe concentration through some physiological response to Fe
starvation, or indirectly related to Fe concentration via other
cellular processes that are affected by Fe availability (e.g.,
overall growth rates). Regardless of the cause, changes in
isotopic discrimination during N2 fixation under variable Fe
concentrations presents a mechanism by which fluctuations
in ocean redox chemistry could directly contribute to trends
in d15N values preserved in ancient OM. Specifically, the
occurrence of Fe-replete conditions in the photic zone
during periods of ocean anoxia (such as the Archean) could
lead to the production of isotopically light biomass by
cyanobacteria (and potentially other organisms) fixing N2.
Future work should focus not only on extending the
database of d15N values measured in diazotrophic cyano-
bacteria under various environmental conditions, but also
on N isotope fractionation during N2-fixation in other
organisms, particularly anoxygenic phototrophs.
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